We evaluated the antimicrobial activities of seven green tea catechins and four black tea theaflavins, generally referred to as flavonoids, as well as the aqueous extracts (infusions) of 36 commercial black, green, oolong, white, and herbal teas against Bacillus cereus (strain RM3190) incubated at 21ЊC for 3, 15, 30, and 60 min. The results obtained demonstrate that (i) (Ϫ)-gallocatechin-3-gallate, (Ϫ)-epigallocatechin-3-gallate, (Ϫ)-catechin-3-gallate, (Ϫ)-epicatechin-3-gallate, theaflavin-3, 3Ј-digallate, theaflavin-3Ј-gallate, and theaflavin-3-gallate showed antimicrobial activities at nanomolar levels; (ii) most compounds were more active than were medicinal antibiotics, such as tetracycline or vancomycin, at comparable concentrations; (iii) the bactericidal activities of the teas could be accounted for by the levels of catechins and theaflavins as determined by high-pressure liquid chromatography; (iv) freshly prepared tea infusions were more active than day-old teas; and (v) tea catechins without gallate side chains, gallic acid and the alkaloids caffeine and theobromine also present in teas, and herbal (chamomile and peppermint) teas that contain no flavonoids are all inactive. These studies extend our knowledge about the antimicrobial effects of food ingredients. Presented at the XI International Congress of Bacteriology and Applied Microbiology, IUMS-2005 Meeting, San Francisco, California, 23 to 28 July 2005. Abstract B-1160.
The gram-positive, facultative aerobe Bacillus cereus is a foodborne bacterium that has, on occasion, been shown to contaminate baked goods, carrots, meat, milk products, rice, sauces, soups, sprouts, and zucchini (10, 13, 15, 18, 20) . In previous studies, we determined the relative activities of plant essential oils and phenolic compounds against pathogenic bacteria (4, (6) (7) (8) . These studies have provided insight into the structural features that govern bactericidal activities as well as the candidates for use in formulations designed to reduce pathogens in foods. The present study was designed to extend our knowledge of the antimicrobial effectiveness of various flavonoids, individually and as mixtures found in teas. To extend our knowledge about the structure-antimicrobial activity relationships of different classes of plant compounds, the specific objectives of this study were (i) to compare the bactericidal activities against B. cereus of seven tea catechins and four theaflavins to the activities of clinical antibiotics shown to be active against Bacilli (16) and (ii) to relate the antimicrobial effects of 36 aqueous tea extracts to their content of these flavonoids as determined by high-pressure liquid chromatography (HPLC). l) was then added to the PBS (1,800 l). This sample (200 l) was again diluted with PBS (1,800 l) for a final 100-fold dilution. The latter was used as the first test dose. The second dose was diluted by one third, i.e., tea (333 l) plus PBS (667 l). The pH of these samples was 7.0 at 21ЊC. Steeped teas were left standing on the bench top for 24 h at 21ЊC and tested as ''day-old'' teas.
MATERIALS AND METHODS
For catechins, the test solution was prepared by dissolving the test substance (10 mg) in PBS (9.9 ml) in a 50-ml test tube to give a 0.1% solution. The tube was warmed in a microwave oven for 10 s and vortexed to clarity. Theaflavins were available only in 1-mg quantities in glass vials. PBS (1 ml) was added to these vials. These vials were then warmed in a microwave oven for 5 s and vortexed to give clear solutions. These test solutions were then diluted 100-fold with PBS before being added to microtiter plates.
The pure compounds in PBS (500 l each) were added to five sterile tubes (1.9 ml). Starting with the 1/100 test solution (1 ml), we performed serial dilutions, using 500 l for each transfer, to the sterile tubes for a total of five dilutions. In a typical experiment, microtiter plates (96 wells; Nalge, Nunc, Rochester, N.Y.) were prepared with PBS-negative controls (100 l each in six wells) as well as three test substances with five dilutions (100 l each dilution per well). The contents of these 24 wells were then tested at three time intervals.
The tea samples, in 72 wells, were prepared for the freshly brewed and day-old tea extracts (infusions): 12 wells for PBSnegative controls and 60 wells for five different teas, each with the two dilution series as described above for the preparation of the tea infusions. The contents of each of the 72 wells were then tested after a 60-min incubation at 21ЊC as described below.
Antimicrobial assays. The bactericidal assay described previously (6, 8) was modified for this study. B. cereus organisms were stored on streaked plates subcultured for 16 to 18 h at 37ЊC with Luria-Bertani agar (LB) plates (Difco, Becton Dickinson, Sparks, Md.). Overnight LB broth cultures were prepared by harvesting a few isolated colonies from the plate with a sterile loop and suspending them into 5 ml of LB broth in a 15-ml sterile plastic tube. The capped tubes were incubated with shaking (200 rpm) at 37ЊC for 18 h.
For the assay, bacterial suspensions (ca. 100 to 200 CFU per lane) were placed on the square plates with grids used for counting. Briefly, each sample (1 ml) of an 18-h LB broth culture of B. cereus was added to a 1.9-ml microfuge tube, and the bacteria were pelleted by centrifugation in a microfuge (15,800 ϫ g) for 1 min. After removal of the supernatant, sterile PBS (1 ml) was added to the pellet. The pellet was then resuspended by gentle aspiration in and out of a transfer pipette. The optical density at 620 nm of the sample was adjusted with PBS to ca. 1.0. The suspension (40 l) was added to the PBS (960 l). The latter (160 l) was then added to PBS (5 ml), vortexed, and poured into c Values in parentheses are molecular weights. d n ϭ 8. e n ϭ 1. f n ϭ 15. g n ϭ 9. h n ϭ 5. i n ϭ 6. j n ϭ 10. k n ϭ 7. l n ϭ 12. m n ϭ 11. n n ϭ 3. o n ϭ 4. p n ϭ 13. q Inactive. a sterile plastic petri dish. We drew bacterial suspensions (50 l) with a multichannel Eppendorf pipette using six channels and added them to six microtiter plate wells. This procedure was repeated until all the prepared wells were inoculated.
Immediately after inoculation or at the end of a specified incubation time, aliquots (10 l) from each of the six wells were drawn with an Eppendorf multichannel pipette for the spotting of six 10-l drops at the top of a square petri plate made with LB agar. The plates were tilted before spotting to avoid coalescence of drops and tapped gently to facilitate movement of the liquid to the bottom. The inoculated plates were tested three times at 3 min (it takes 2 to 3 min to spot four plates), 15 min, and 30 min, or at 3, 30, and 60 min. After spotting, the plates were left to dry for 10 min in a biological safety hood at 21ЊC without agitation. The plates were incubated for 8 to 9 h at 37ЊC and then refrigerated at 4ЊC overnight. The plates with B. cereus colonies were then removed from the refrigerator the next day and incubated for a further 1 to 2 h at 37ЊC before counting. The bacterial load of each microtiter well was ca. 1,500 to 3,000 cells per 150 l. Experiments were performed in duplicate. We did not observe sporulation.
Bactericidal activities (BA 50 values), defined as the percentage of test compound that kills 50% of the bacteria, were calculated as follows. The numbers of CFU from each dilution were matched with the average control value to determine the percentage of bacteria killed per well. The CFU values from all experiments were transferred to a Microsoft Excel 8.0 Spreadsheet. Each of the dose-response profiles (% test compound versus % BA 50 ) was examined graphically, and the BA 50 values were estimated by linear regression. We also converted the BA 50 values to nanomoles per mole per well using the molecular weight of each test substance. The lower the BA 50 or the higher the 1/BA 50 value, the greater the activity.
RESULTS AND DISCUSSION
Teas can be classified into three major categories: unfermented green teas containing catechins, fully fermented black teas containing theaflavins, and semifermented teas containing both catechins and theaflavins (19) . An examination of the structures of the catechins evaluated in this study ( Fig. 1) shows that (depending on the configuration of the 3Ј, 4Ј-dihydroxyphenyl and phenolic OH groups at the 2-and 3-positions of the C-ring) catechins can exist as two isomers: (Ϫ)-catechin and (ϩ)-epicatechin. They can be further modified to form (Ϫ)-epigallocatechin, (Ϫ)-catechin-3-gallate, (Ϫ)-epicatechin-3-gallate, (Ϫ)-gallocatechin-3-gallate, and (Ϫ)-epigallocatechin-3-gallate. Theaflavins are formed when catechins are oxidatively coupled.
Antimicrobial effects of green tea catechins.
Because the test compounds differ in molecular weights, we calculated the activities of all pure compounds in terms of nanomoles per well that kill 50% of the bacteria (BA 50 , nmol per well) ( Table 1 ). To summarize, Table 1 shows that (i) the antimicrobial activities of the active catechins increased with time of incubation from approximately 3 to 30 min; the results after 60 min were similar to the results after 30 min; (ii) the 30-min nmol/well BA 50 values for the six active catechins ranged as follows: (Ϫ)-gallocatechin-3-gallate, 0.43 (highest activity); (Ϫ)-epigallocatechin-3-gallate, The following catechins lacking a gallate side chain were inactive under the test conditions of the assay: the (ϩ)-catechin, the isomeric (Ϫ)-catechin, the mixture of the two, the (Ϯ)-catechin, the (ϩ)-epicatechin, and the isomeric (Ϫ)-epicatechin. Gallic acid and the alkaloids caffeine and theobromine also present in teas were also inactive. Catechin structure appears to strongly influence antimicrobial effects. Table  1 shows that the theaflavins also showed strong antibacterial effects against B. cereus. Thus, the antibacterial activities for the four theaflavins in terms of nanomolar BA 50 values were as follows: theaflavin-3, 3Ј-digallate, 0.54 (highest activity); theaflavin-3Ј-gallate, 1.8; theaflavin-3gallate, 2.8; and theaflavin, 283. These data demonstrate the following: (i) the three theaflavin gallates showed significantly greater antimicrobial activities than the theaflavin that lacked the gallate side chain, (ii) the difference in activities among the four theaflavins was 520-fold, and (iii) the activities of the three theaflavin gallates were of the same order as those cited above for the catechin-3-gallates.
Antimicrobial effects of black tea theaflavins.
Because this study was directed toward possible applications of tea compounds to foods, we carried out time studies designed to discover short-term effects. The time study in Table 1 shows that the medicinal antibiotics acted more rapidly than the flavonoids. TABLE 
HPLC analysis of (Ϫ)-epigallocatechin (EGC), catechin (C), epicatechin (EC), (Ϫ)-epigallocatechin-3-gallate (EGCG). (Ϫ)-gallocatechin-3-gallate (GCG), (Ϫ)-epicatechin-3-gallate (ECG), (Ϫ)-catechin-3-gallate (CG), theaflavin (TF), theaflavin-3-gallate (TF3G), theaflavin-3Ј-gallate (TF3ЈG), and theaflavin-3,3Ј-digallate (TF33ЈG) in 36 teas evaluated in this study a

Antimicrobial effects of medical antibiotics.
Because the catechin-3-gallates and theaflavins were active against B. cereus at nanomolar levels, we compared the sensitivity of this bacterium to antibiotics that have been shown to be active against Bacilli, including B. anthracis, a pathogen that is genetically related to B. cereus (11, 16, 22) . Table 1 shows that (i) unlike the time-dependence data for catechins and theaflavins against B. cereus, the BA 50 values for the antibiotics were identical after incubation for approximately 3, 15, or 30 min; (ii) the 30-min nmol/well BA 50 values for the antibiotics ranged as follows: rifampicin, 2.1 (highest activity); vancomycin, 2.3; tetracycline, 12; clindamycin, 19; and chloramphenicol, 180; and (iii) the most active catechin-3-gallates and theaflavin gallates are more effective antimicrobial agents against B. cereus than some of the antibiotics.
Antimicrobial effects of teas. Table 2 lists the bactericidal effects of 36 black, green, oolong, white, and herbal tea infusions in terms of the percentage of fresh and dayold teas in PBS buffer that killed 50% of the bacteria incubated at 21ЊC for 60 min (BA 50 values). Table 3 lists the levels of catechins and theaflavins of the same teas as determined by HPLC.
The data demonstrate that (i) the BA 50 values for the teas ranged from 0.018% (0.018 ml of tea in 100 ml of PBS buffer killed 50% of the bacteria) for Darjeeling Green Organic to 0.58% for Kukicha, about a 30-fold ratio from the least to the most active tea, and (ii) freshly prepared teas were generally more active than were teas that had been left standing for 24 h. These observations demonstrate the strong antimicrobial activities of a widely consumed beverage against a foodborne pathogen. The loss of activity of teas after 24 h does not appear to follow any obvious trend. This loss ranged from no decrease for Kukicha tea to a 12-fold decrease for the Exotica Dragonwell Green tea ( Table 2 , last column). However, this tea was still highly active after 24 h, with a BA 50 value of 0.32% (0.32 ml of tea per 100 ml of PBS). Losses in activity of teas could be due to oxygen-, light-, and metal ion-induced degradation or polymerization of active compounds.
Attempts to relate levels of a specific flavonoid in the large number of teas shown in Table 3 to activities of the corresponding pure flavonoid shown in Table 1 were not successful. The best correlations we could make were with the sum of the three most active catechins (R 2 ϭ 0.524) and the sum of the 11 flavonoids (R 2 ϭ 0.583) (Fig. 2) . These observations suggest that although there appears to be an association between activity and the presence of gal-late esters in the tested teas, other factors probably contribute to the observed bactericidal effects. Such factors may include competitive, additive, antagonistic, and synergistic interactive effects among the flavonoids at the molecular and cellular levels of the bacteria.
It is also relevant to note that (Ϫ)-epigallocatechin-3gallate, which we found to strongly inhibit B. cereus, has also been reported to strongly inhibit the anthrax lethal factor produced by B. anthracis, with an IC 50 value (concentration of the catechin that inhibited 50% of the toxin) of 97 nM (3), as well as inhibiting the growth of human leukemia cells with an IC 50 value of 100 M (17) . We surmise that the inactivation of the bacterial toxin is a result of the binding of phenolic OH groups of the (Ϫ)-epicatechin-3gallate ( Fig. 1) to the zinc atom associated with the metalloproteinase of the toxin (1, 5) or that it is a result of the antioxidative effects of the catechin (2). Table 3 , x represents the activity shown in Table  2 , m is the slope, and b is the intercept.
It is not known whether the tea compounds will be as active against other strains of B. cereus, whether theaflavins and tea infusions will also inhibit the anthrax toxin, or whether similar mechanisms govern both the antimicrobial and anticarcinogenic effects of tea flavonoids.
The observed bactericidal effects of tea catechin-3-gallates, theaflavins, and tea infusions complement and extend reported studies on the antimicrobial activities of tea compounds against other pathogens (12, 14, 21, 23, 24) . The cited trends in activities of different tea flavonoids also contribute to the elucidation of the structural features of these compounds that influence bactericidal effects. Such an understanding may help devise food formulations that reduce pathogens in foods. The data offer the consumer a choice of tea brands with very high antimicrobial properties against B. cereus and possibly other Bacilli.
